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INTKuDUCTlUN 


W<.' havt' t.liosen t (.< u»l/ the pupillary control system 
fur twu » , J ui reusufi'j; I \irst there* are reasons of 

cunveni eni-fc. Ihe pupil is e;;posed to view and it relatively 
easily measured. Most of it’s inputs (light, accommodation, 
and verqence) are easily controlled. 

ihe second class of advantages is essentially analyti 
lh£f inputs are relatively well understood. Light and 
accommodati on/verqence level form the most important inputs t 
Mil- '-y^.l Oric ( uii ci udy i I *. opun Icjop response.* t(j liijhl 

using ct very simple teu.rtn i que -Ma:; wel 1 1 an view (Figure 1). 
Input* < r f '(II lurtical strui.tures, while present, are less 
I gn i ( i I. .in t in the pupil system than in other hiocontrol 
system* , lliu*- l(ii* pnpjl luni. lions very nearl y a*=» a true 
refle;:. Ttie basic functions of the pupil are to: 1. Control 

tho amount, uf light. c*n the rt^tina, and 2. Assist the 
ar.i ommodat 1 ve sy*_.tem by Ltianging the depth of field a*i. 
reguired. the pupil has only one degree of freedom, it’s si;; 
(area or diameter), thus simplifying the state equations. 

Thi* at)()ve t ai. tor s mean that the pupil system may be 
s(udn.il without altering its structure. We believe thot it i 
jmpi.-ratjve to study the behaviour of a complex system in an 

I *,lMii*. Unr studies are conducted on cooper at i ve fiumai 



Figure i . In Maxwellian view, light is Tocuaed 
at the pAano of the pupil and paaaea through the center. 
Changes in pupil sixe do nut change the amount of light 
on the retina, Llius Liu; pupil control eyatcni la opun loop. 
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jN^rRUMLigiHlllJN 

H lUbl CJl**: / (IF I HU 1-*IJ) ‘ILUJhtITLR 

■|h(.‘ fiupxJ beKMi sLudied ‘»Anct.- 161V- buL xn l.lud 

{•i\rly jjh-i'iod l.hu mt.-Lhijd dirtict obi:>ervat i ori ior L:luiit.al 

|.MU' in ivl'/n I owc-n*b l.x.'j 1 1 (Ket Jl ut»t?d ul Lr a-vi ol t.*1. 

,-iiid til 1V41: u:-.>t..*d tn-frured moviei:> (Fig 2)- lie inade niut. t un 

(Jictureo ut lilt' (.■*'/»{' c_^nd me.i‘.:nr eiJ Lhe .Ui u\ Llie jJUjj t 1 by h<.<ii(J. 

H( ' ob 1. (.! t f i Hi I uiC L ur u t e d »:d cm cti id j 1 1 u t ed pup 1 1 r ebjj ui i •=><..' c. ur ve-b - bu I 

Him? MK.'lbod r 1 'tjui r < '(J miuli \ i mk ♦ «.ind u 1 i^r <.)♦/ urnounl. o( j n -f rur < m1 

i I I III - 1 1 1 ‘ . u d (.'I' ( •• > I I'll i‘ I \.A • pr I iihjr I I / <. 1 1 1 1 1 1. cd - 

)Ih' i irbL (Jyiifimi ( r i.'id I i (uh pup j. J J unitd t.*r », j. n f r'^r i.'d 

pin do o 1 LM 1 r ( H I M <h(‘llio<U *'./( 'O I m)- Idwub bu t I I by bLr.ii'l.. in I • •• 
lulrc^rtid liphl. i J I uinj i lu 1 . 1 nq Lhe oyo bur f ui.t-', Uio 
i(>Lui runouiil Ml rijflecLed liqlil depends upon Lhe pupil st-’fe; 

«'lho rMiiouiiL o( IxtjhL Lc^n be measured by c^n phot otu.d 1 . Alitor 

unplii i L.utx (jn , the biquiMl oh pupx 1 bi-ie wab reeorded t mined i c-d. I y 

oil ..I (hart r ec or dor ctnd a i.amer Mn wab ubed her Cc.il J br a L x ui i - 

IImmki IIiim nii'lhod !>li.irl. mo,M'..,ur ».*d the truribher turn, lx on nl I ho 

pupMlI'^r / bv'-le'/ii ruid bet uj.» a I h t r (J or"der d j i f er"oi i L x a t (M|umLi(M; 
I'h m; h i t tie firbl humI tiamat x oa I model ui the pupil. 

L ijw(.'ribL(M n ubotl tut rured Ixqht pcAHbxnq Lhr<.iU()h ».» 
rf*i(d MK) dr urn, v>( uitiixnu lli»' bufiMCes to i/btciMi pupjJ 

d j Mi(E(:' I or - UeOfUibo nioohi.u i j u a I b(.:annxriq xb blow, xlb bandwJdth x •. 
V I ;r y I 1 mx 1 e<J . 

I h o TV p u p X I J ( j me L t »r* w«j( b t x r b t u bed b y b t c:ir‘ 1. in I V,b I 

Ui KK'.iburi' I In.' pupx I dxaineLer. And now a new (computer' TV 

jjupx I lometer' iiit*abur“inq Llie area of pupxl hab been developed xn 
c>i ir I ah - 


bYb l htl ixLboKlF7 ION 


I I (jure 4 1 ^- 1.1 hluit diaCjram of the hi or’upr ocobbur Habi'd 

lid^iji •! I VI • Fi.ip 1 lloim-ler . 1 1 h.- h/h xb t 1 1 urn i fiat t mJ by an 

I n I r ar t-d ‘-aj(.(r l e ,Unv xmcUje uf tlie eye xb (.aptured by a l J obt.'d 

( ircjjxl IV camera . I he video bxqnal ib DC reetored , and 
*hii-Mi'dd rd a lc‘vol !-el by tht‘ operator. Oenerally, I In.* pupx) 

1 Mil d mT I ( ' ' . I I it > M '( i Ml i h I ' L (iit.il.j , alii I Iti i 1 1 ( id X 1 I OI i a I 
\jt iH ♦ ’inq lb ri(|UM ».-d- It dal t ari-Jab tiue i.o eyel cxbhbeb , 

(‘/I'iid’:, I imhub, (id (. afjpoar in Ihe threbholded 'muqe, Lfiev mav 
Im- ( ( Indnii i I V' ip.d lai windni^n ,V'4iii.h ar a 1 bo control 1 (hJ by iin- 
(•p‘ • • di»' V Mil. Ml bcaub UlO i.‘yo, r td r ebfi u K-i Lht- xmui|C' 6n 

I I im;‘. '' bea. . Hb the vxdeo bcaiis the pupxl xma(.^e, a digitexl 
'<'Mid(r i (tiubloij. Ihe (:cjuiiti.?r ib incremented by a fret* 
r nan I IK) i i ( k i < I Util f.: > . fd, 1 I hm oi uJ Of a iratfie,the i:um[iuler' 
jK'. ;,' Mill i'(*adb lfi»‘ (<*id(*idb (d ihn counter, and ri^bcdb Uh- 
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FIGURE 4 MICROPROCESSOR BASED INTEGRATIVE PUPILLDMETER 

(MIP) 


- 528 - 




i nuiiit r Lu .M>ru -fur t)r\u nis-x L f rami?. 

This* area may be (optionally) converted to diameter, 
.u»<l (xdput to a di<jital to analocj port, Pupii si;:e ( area or 
(liam<*v<r; lotjother with other input data (e.ri. nt i iiiul ; 1 1-.> 

lit hufu.*r iii»-.»mor y. When the buffer i full, it i 
autuinat i cal i y dumped to a floppy di&kette. 


btJK I WAKi'. 


Tfie pupillometer wa5> integrated into a iiii cr opr oc-e^sraur 
•=>0 as to provide the flev.ibity of so-^tware. Real-time software 
functions inc lude; Dcjtta collection (described above) , stimulus 
< inner ati on, area t o di amel er conversion (pi armed) , 
f ’n*>t process i nq mav include (.or recti on fur eye t|a::e, cur ri .»c 1 1 on 
(tr (jpti(-al imper i ec 1 1 ons , and lilterinc^ to remove i nsi.r luitonl 
nui se*. 

PLRf UKM/^Ni;L 

I he per forma; ice of tiu* lii P is summar i sed in Ki (j . 'o. 


SNR (MEASURED) 

DYNAMIC RANGE 

LINEARITY 

OPTICAL EFFECTS 

TEMPORAL BANDWIDTH 

SPACIAL NOISE 
SENSITIVITY 


60 ilB 

1-9 mm DIAM. 
within «5Z 
CORRECTABLE 
30 tiz. 

LOU 


INHERENT S/N CH/iKACTEKlSTlC 2:1 
(versus diameter methods) 


FIGURE 5 PERFORMANCE OF THE HIP, 
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LxPLHlIibNlMTION 


# * - I I m s u #'if ii 1 1 y s 1 s 

n 11 ^ well l.iiuwii LIi.aL Uit* pupil i:oritrol i*, 

iiiiril uiu.^r III ‘Lfc'verul rfci*:»puc. t . Nevertheless, tl“ie Lechr ii ques t.h 
lifiecir systems analysis provide valudhlp insii|ht Jnto j Ls 
(‘fierntion, f- i q . h shows thf» sy-,t em’ s responsi.- to d soicill-siqn.il 

• > I III M- 1 . 1 I ), * I liqht stioiulns, pr nvi deii in NcOiweJli.ui vm_-w <opcn 

loop OK do). response is oticir actor i sed by the qain dod pti.tsf 

Hie pupil ur e.i ‘>iqnal« N‘,*l »-• IhaL open loop ipii rt is .'ilifM.-. 



w > S-ttte orac op 

Lf> »:i4W V^wW;a<1 o>\, Ule, 
V''> f>I I LomuX ovcA-Uc r*i\vvw\^^ 


tiiMl hfiK e js d uiiens j on 1 ess. 

It onii plt*ts gain and phase lor a wide range of 
I r i.M|uenr 1 es , a Bode plot (tig. 7) results, l-k»re we see ItiaL 
!*npil • yd s*iii tias a higii tregueniy rolloM ( Unrd or iJer/ 
.'lioid .* H.- . I nr iJi Kiaf* am hi ar I \ sinewed Uud iliis is dun- 

the pt I /S l O I Oi| 1 Ca I I 1 MU t at l Ol IS (jf llie ir'is, Witlldi IS a siiiuoLli 
III* I I ' - 


itie data of hig, 7 predict ttiat, if the closed loop ijain 
‘ ^ ..used atiove l.u at ciLaiut 1 . 'I* H,"* , wlii.-re the phase dela/ 

‘ I ‘ ' df M )i* , osi t t J , 1 1 I o: I * will dc‘ ve I on - I I I he s I i mk » I u 

Ii<thl i I.aretully I oi used (.Ml Ui(* iris-pupij Miarijnii, (set.- f- i < ) . 

in pupil si.'e refills m a l,«rge (.hauqe in Mi.' 

' I . > I I M ll d ( a I I i I I< } 1 M I lilt- I I • I I I la 1 • e . M M ' < ) ..O 1 i I ia‘ 1 u t i i 
^ Mn.ri.rt' ed - Wl.i.n tills is done for the subiei.l iji I ig, /, 

^ h. « I I 1 J .<1 1 1 jra> si I own in Ki ij . V r esul * • 


lO - 


LIGHT 


M'JI-UAHMKTS 
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Fiy,\ire 9 Technique used for sUmuUtion. 
Li^hl ifc here focuxi d on oorder of irifc and 
pupil. Small ptovcmi tits of iris result in 
large clianges m light luicnimy at retina. 




^ * 1.- > ■ k . —A .* , ■ ■* .....lA 

TtMe cseccv>c^> 


I uiK'uub i 1 Itil iuny Uui* 


Frequency" 1.3 Hz. 


lu High Cuin Feedback. 


1 < .. I ll •! r I I M( •« ir I *1 It •! K.ifm *1 iti 

lilt* p i|'i 1 fiiuiiV \ iritJt^ cj( nonJ inoar phunufru.'i lu « 

111 t V I uu' > 1 y il (.uunut (..untn Lr i c I. or dir.tiate be/und ph V‘-i o I ot| i <- »_iJ 
1 MM 1 i ‘ M : Lr t-'fiuti I ur c-ii. 1 tjn ) , Mic>r i? c^ener al 1 y , Hcifibfrurmi i , t.-l <iJ 
iiM.’i' 'Jiowii (I ltd t.)uiii i'» ui Kuit,Li(jn ui betut:? I i lit • pupil i,trUii« I I 
< ‘ M « I ( M ' d t < <r a iMi ‘d L urn < I .: < * pi-^J J •( <11 mJ ( < 1 1 I t. • I i cd I I u ' 

I : I I I iiK I . 

III id ! ult”h.\IMci( *1 I J t. r‘l„>*=>pun‘:>f ‘ t?‘riy ImJ UK'MI I til 
I ( ‘ I L« • . I f l':>( Il dell ,ijt|hl Ld IHlUlatiOlM buL' Il idT MlOl I Z C 1 , 

j I lu’-li <d.t-J Ml I iifure Id, art.- mossL uvidunL for i artju 

Mif uJu I rd I oi I cuel f M. i b?n Lb, and at the bybtem'b 1 ':iw frequericy 
I Mil . 1 - I - 1 • , M iM h, u'- iiK 111 ] <: - Ml I 1 t M ir t ^ I < ) r (-‘*n M ncl f- ri mm a H.- 

’ Mill' (Mil i‘i I ( 1 1 Hind I ui L L tji M iluiMiHJiiitb tU iiiUbL 1 dtji I L dur MK| 

L I II ' I I ♦ I' t.“'L|* ‘t-'flt- / -at nubui ti a J t-j ; (j; i tat 1 OTi • 
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. . 4 ^ A > A ^ ^ A ^ l» Jk 

-nMECWDD»aC>Si 

Figure lO Subharmonic Retponae to Sinusoidal Light Stimulation 


Thu rt?*: 3 pur»i: 5 u to a puluu stimulus (Figure-? 11) cluc^rly 
* I M Hr;. r( ( J I T (r'C L 1 OH I lii ‘i> s '/ mu t oT '/ p Rugarcl the pul so tho suni ui 

Ur/ *>l('|i MUM u positive step followed by necjat j ve 

' . M *p - 1 1 le "et I response" is el ocir 1 y 1 arger thf=in tlio "of f 

r ( 'S|jeris(-" . In fact, the off response is virtually absent for- 
‘.-uiMtl iMUni-'S. F':etinal adaptation allows for pupillary eseape, 
Mi.d e i < *1 M r < '(J I I .d .d j on et I he pU|Jil while ttM> pu) se (j( 
li<ihL M;> i/n- I h IS IS not u nu”*"(hUMiur y nunl i near 1 1 y ^ and Iii-m.) t.u 

he ifK'dfdJed r-ts a f r »nc y deperidc^nL gain chanqe?- 


LIltjULHriDN 

bhiun.ni (ie v< * 1 ( jptMJ t.^ ^ empidn-r fuodel of the* pupil t:o 
.. I (HI w . I rd e (1m ( d I ( •< (e. I 1 t us I r ♦ d i.*d i n T i (|ur <.-e h thru t I . h 

idt.M \ (JjM( 4 ra(h (d U mi* mudeJ |.s shown iii Figure," l-.,», c-^r»d Lhe 
(. (ji r i.‘S|jnn J 1 1 Mj resuJts c<re slu./wn in Figure i2 
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j * ^ . m . > __4 *■ - ^ 

TIHE (:*econos) 


FIGURE 11. RESPONSE TO PULSES OF LIGHT SHOWING DIRECTIONAL ASYMMETRY, 
DIFFlIRENT TIME CONSTANTS OF RESPONSE, AND PUPILLARY ESCAPE 
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